Simulation by a digital computer of propagated excitation in the ventricular myocardium has been accomplished. Experience with the program in normal conduction and in one example of abnormal conduction, an extrasystole, is presented. Results of the simulation process were in harmony with observations in animal experiments. This justifies attempts to apply this scheme to the analysis of abnormal ventricular excitation caused by other disturbances.
• The process of propagated excitation in the ventricles has been demonstrated by several investigators including Sodi-Pallares and Calder (1) and Scher and Young (2) . Cardiologists frequently refer to these studies when interpreting electrocardiographic QRS patterns and when instructing students in electrocardiography.
The purpose of this paper is to report our experience with digital computer simulation of the spread of excitation in the ventricles which confirms the experimental models and demonstrates that the simulated propagation process can be used for interpreting and reconstructing QRS patterns mathematically. This scheme of simulation may be particularly useful for interpreting abnormal QRS patterns, since there have been very few publications displaying the character of abnormal conduction in the ventricles. This is readily done by the technique described, and the results are printed out by the computer as a series of cross-sectional maps of the ventricles.
Method THE MODEL OF THE VENTRICLES
A fresh heart was obtained at autopsy from a patient who died from a cerebral accident but showed no cardiac abnormality. It was embedded in 20% gelatine solution without undergoing fixation to avoid nonuniform shrinkage of the heart.
The orientation of the heart in the thorax was marked by plunging three long needles through the heart, along three directions perpendicular to each other, and the heart was taken from the thorax. Guided by these three needles, the orientation of the heart in the gelatine solution was adjusted until the heart lay in the same orientation as it had in the thorax in an erect posture.
The gelatine mass containing the heart was then frozen with gaseous carbon dioxide and sliced horizontally on a large microtome. Pictures were taken, against a 3-mm grid, of slices through every 3-mm level of the gelatine mass. These pictures produced horizontal cross sections of the heart at 3-mm levels from the apex to the base of the ventricles (Fig. 1) . The atria were excluded from the model.
Based on these pictures, a model of the ventricles of this heart was reconstructed as a cluster of 3-mm cubic blocks (Fig. 2) . The total number of 3-mm cubic blocks was 27,000 (30 rows 204 OK A J IMA, FUJINO, KOBAYASHI, YAMADA FIGURE 1 The fresh heart obtained from autopsy was embedded in gelatine solution, frozen, and sliced horizontally. Each slice of the heart was laid against a 3-mm grid and photographed. This is an example of photographs of the slice at the midlevel of the ventricles. times 30 columns times 30 levels). The blocks containing the specialized conduction system of the ventricles, namely, the His bundle, the bundle branches, and the Purkinje network, were identified in the model based on the distribution of this system in dog ventricles stained by periodic acid-Schiff staining procedure (3).
FIGURE 2
The model of the ventricles composed of a cluster of 3-mm cubic blocks after the horizontal cross sections of the ventricles, illustrated in Figure 1 , had been made. For illustration purposes, each layer consists of 14 x 14 3-mm cubic blocks in this figure, instead of 30 X 30 which was the case in this scheme.
As a result, the left side of the septal surface of the model was covered almost completely by the blocks containing the specialized conduction system, whereas the right side was covered by them in its lower half only. This difference between the left and the right side corresponds to the anatomical and physiological findings that the latter is initially activated at a rather local area near the anterior papillary muscle and the former almost simultaneously over a broader area. Endocardial surfaces of the free walls of both the ventricles were also covered by such blocks almost totally except for the pulmonary conus region and the upper posterior region in the left ventricle.
Thus, each of these 27,000 blocks corresponded to a region of cardiac muscle, including areas of the specialized conduction system, areas of the cavities, or regions external to the heart. Describing otherwise, the cardiac muscle did not occupy all of these total 27,000 blocks, since the ventricles approximated a sphere or an ellipsoid. The space outside the ventricles, as well as the ventricular cavities was included in the cubic mass of the total 27,000 blocks as seen in Figure 2 .
THE COMPUTER
A HITAC 5020 digital computer system manufactured by Hitachi, Ltd. was employed (core memory: 65,000 words; cycle time: 2 yusec.). Each of the 27,000 blocks of the ventricular model provided one unit in the computer memory. The spatial location of the block was expressed in an address of the memory unit. The computer was thus taught the anatomy of this particular heart. The program was written in HARP (a variant of FORTRAN IV). One to 2 minutes of computer time was required for the simulation program from initiation of the spread of excitation to its completion.
BASIC PHYSIOLOGICAL CONDITIONS IMPOSED ON THE SIMULATION PROGRAM
Three physiological rules concerning the spread of excitation in the ventricles were imposed in the computer program: (a) Excitation spreads radially in every direction with a uniform velocity as long as it takes place within the same kind of muscle tissue, i.e., ordinary cardiac muscle or the specialized conduction system, (b) Once excited, a block becomes refractory and receives no more excitation during the same heart beat, (c) Spread of excitation within the specialized conduction system is made at a velocity 5 to 10 times that within ordinary cardiac muscle. This ratio of 5 to 10 was based on previous reports (4) .
POINTS ASSIGNED FOR INITIATING EXCITATION
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A-V node to both bundle branches in normal ventricular excitation is well established, it was unnecessary to reconfirm it in this simulation program. Hence, the spread of excitation was initiated at two points located in the subendocardial layer of the right and left surface of the septum, respectively. The left one was situated at the midlevel of the septum and the right one 3 mm below it. These two locations are believed to be the sites where excitation conducting through the right and left bundle branches initially leaves them to invade ordinary cardiac muscle via the Purkinje network. Based on this physiologic fact, the initial excitations evoked at these two sites were given with a time interval between them; the left-sided excitation was earlier by 30 time steps (3 msec) than that of the right.
For ventricular extrasystole, the initiating point of excitation was assigned to a block located at the various sites chosen in the ventricular muscle.
INITIATION OF EXCITATION
First, a block was assigned to the region where excitation was anticipated to begin. An imaginary time T was set to zero in the computer. At T = 0 the assigned block was excited (fired), and excitation was allowed to spread in a prescribed time interval for reaching the neighboring 26 blocks (Fig. 3 ). The prescribed interval was set to be proportional to the distance over which excitation was to travel to reach each block. The anticipated time of arrival of excitation for each block was determined and On firing, a hatched block gives the anticipated time of arrival of excitation to each of the 26 neighboring blocks. The time for excitation to travel and arrive at each block is shown.
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stored in the memory address provided for the relevant block. Excitation then continued in a spread from the initiating block to the neighboring ones and then to further blocks in the manner detailed below.
SPREAD OF EXCITATION
The time T was then advanced stepwise in the program in the manner T = 0, 1, 2, . . . (One time step corresponded to one tenth of millisecond). At every time increment the content of memory addresses provided for each of the 27,000 blocks was scanned, and the block anticipated to be reached by excitation at that particular time was fired. On firing, a minus sign ( -) was added to the memory address containing the anticipated time of arrival of excitation for the block which was thereby declared excited and refractory.
On firing, the block gave the anticipated time of arrival of excitation to its neighboring blocks in the fashion illustrated above, and these blocks fired when the assigned "anticipated time" arrived.
The following scheme was applied when more than one anticipated time of arrival of excitation was given to a block or when excitation approached it from more than one direction. In Figure 4 , we may suppose excitation approached the group of blocks from the two directions indicated by arrows. At time T = 0, none of the nine blocks was assigned an anticipated arrival time of excitation. At time T = 30, the lower left block was supposed to be invaded by excitation, and -30 was stored in its memory address. On firing, it was to give the anticipated arrival time of excitation to its neighboring three blocks (lower middle, middle left, and center blocks). An anticipated arrival time of 40 was 30 plus 10, 44 was 30 plus 14, and manipulations were made according to the rules illustrated in Figure 3 . If, however, at this instant, excitation from the other side was due to approach the upper right corner of the blocks, this would give a value of 41 to the upper right block as the anticipated arrival time.
At time T = 40, the blocks anticipated to fire at this moment were excited, and -40 was stored in their memory addresses. Each was then to give the anticipated arrival time of excitation to the neighboring blocks, 50 and 54 being given by these blocks. The center block, however, which had already been assigned a value of 44 as the anticipated time, was unaffected. If the excitation invaded from either the lower middle or the middle left block, the anticipated time would have been 50 (later than 44). Since the center block would have fired at T = 44 rather than T = 50, the anticipated time of 44 was not 206 OKAJIMA, FUJINO, KOBAYASHI, YAMADA FIGURE 4 The scheme applied when excitation approaches a group of blocks from more than one direction (see text for details). replaced by 50. Rather, the earliest arrival time was stored and any later value rejected.
At T = 41, the upper right block fired and gave the anticipated arrival time of excitation to its neighboring blocks. The center block, however, rejected the anticipated time from that block for the reason of priority stated above. The upper middle and middle right block were given new anticipated times because the new ones occurred sooner than the previously stored ones.
By these arrangements in the program the simulated spread of excitation was made only through the shortest path, and the uniform radial spread of excitation in the model was assured. Further, each block was fired only by the excitation arriving first; thereafter it was refractory.
TERMINATION OF THE SPREAD OF EXCITATION AND PRINT-OUT OF THE RESULT
When all blocks, ordinary cardiac muscle and the specialized conduction system were excited, execution of the simulation program stopped. At this moment the memory address provided for each of these blocks had stored the time of firing of the block with a minus sign coded. The computer memory then dumped its contents, printing on paper the time course of excitation spread.
For convenience in print-out format, the time stored in each memory address was normalized so that each block of the ventricular model was assigned a number of 1 through 9, corresponding to the sequence of excitation. These normalized numerical figures were printed out for each level of the model (Fig. 5) .
Results
NORMAL BEATS
The simulated propagation process of normal excitation in the ventricles is shown schematically in stages in Figure 6 . Here one stage corresponds to 100 time steps (10 msec) in duration. The conduction velocity in the specialized conduction system, i.e., the Purkinje network, was set at ten times that in ordinary cardiac muscle.
The excitation spread rapidly along the subendocardial layer and covered almost the whole area within the first and second stages, leaving only the subendocardial layer of the posterobasal region of the left ventricle, the pulmonary conus, and the basal region of the septum unexcited. Most of the free wall of the right ventricle, including the subepicardial layer, was excited before the end of the third stage.
Spread of excitation through the septum was complete by the third stage, but one part of the basal region was reached by excitation as late as the fourth stage. The simulated normal propagation process in the ventricles is shown in cross sections at various levels of the ventricles. In this experiment, the conduction velocity in the specialized conduction system was set at 10 times that in ordinary cardiac muscle.
In the free wall of the left ventricle, the excitation spread to the deep layer of myocardium in the third stage and reached the subepicardial layer at the fourth or the fifth stage, except for the basal region which remained unexcited until the sixth or the seventh stage.
VENTRICULAR EXTRASYSTOLE
As an example of abnormal conduction in the ventricles, a ventricular extrasystole was simulated ( Fig. 7) .
Excitation was initiated in the subendocardial layer of the left ventricular free wall (indicated by X in Fig. 7 ). In this study, too, the conduction velocity in the specialized conduction system, i.e., the Purkinje network, was set at 10 times that in ordinary cardiac muscle.
In the first and second stages, the excitation An example of abnormal conduction, the simulated propagation process of a ventricular extrasystole, is shown at cross sections of various levels of the ventricles. The site where the extrasystole was experimentally evoked was at the subendocardial layer of the free wall of the left ventricle (marked X). In this experiment, the conduction velocity in the specialized conduction system was set at 10 times that in ordinary cardiac muscle.
spread rapidly along the subendocardial layer of the left ventricle, and almost the whole of the left ventricular cavity was surrounded by an already excited region. In the third and the fourth stage, the excitation front in the left ventricular free wall proceeded outward until it reached the epicardial surface. The only parts of the free wall of the left ventricle remaining unexcited by the fifth stage were the posterobasal region and the junction of the septum with the posterior wall. The left septal surface was excited in the second stage, and the excitation front, formed parallel to the left septal surface, proceeded towards the right septal surface, reaching it in the fourth or fifth stage.
In the free wall of the right ventricle the excitation started as late as the fifth stage. In this stage the subendocardial layer and in the sixth stage the subepicardial layer were invaded. At the basal region of the right ventricular free wall the excitation occurred much later, and in the pulmonary conus the excitation finished as late as the eighth stage.
Discussion
SIMULATION OF THE PROPAGATION OF EXCITATION IN THE HEART
In recent years, several investigators have reported simulation of propagated excitation in the heart or simulation of body surface potentials generated by the electromotive forces of the heart. In the report by Selvester and associates (5), the ventricles were represented by a model consisting of 20 segments; a "current field," i.e., an electromotive force, was postulated for every segment. The time of onset and duration of the current field for each segment was assigned according to the diagrams published by Scher and Young (2) . This means that their scheme did not simulate the propagation process but rather the generation of resultant heart vectors from prescribed segmental electromotive forces.
In the report published by Horan and Flowers (6), the ventricles were divided into 233 subunits. In assigning a sequence of excitation to these subunits they adopted either the propagation process reported by other investigators or they let the computer arbitrarily assign onset and duration of excitation to each subunit, repeating it until the generated QRS patterns resembled the desired QRS patterns. In both of these procedures the physiologic event of propagation itself was not simulated but rather the sequence of excitation was programmed by the investigators or chosen by computer in an order not necessarily following physiologic rules. Their procedure is an interesting and promising approach for "inverse solution," i.e., seeking the actual location of electromotive forces in the heart inversely from the distribution of the body surface potentials. How-ever, the outcome obtained without any constraints was rather far from the real sequence. To make the sequence more compatible with the real one they introduced some mathematical or physiologic constraints to make the model physiologically appropriate. The constraints, however, appeared insufficient in their trials and may have to be intensified to produce a more satisfactory excitation sequence. If this were done, their procedure would resemble our simulation program in many aspects.
The model of the atrial wall reported by Moe and associates (7) consisted of a plane sheet of a finite number of hexagonal units, and propagation of the impulse in atrial fibrillation was simulated with this model. Their report was the first trial of computer simulation, in a genuine physiologic sense, of the spread of excitation in the heart. A model of this type, however, cannot be utilized for simulation of the ventricular propagation process since the ventricular model must be three-dimensional and the specialized conduction system must be included.
Reinboldt and associates (8) assumed a heart model consisting of a cluster of cubic blocks and let excitation spread in the model stored in computer memory. Their scheme of simulation has many aspects in common with the program reported here. Their model of the ventricles, however, was not built from a human heart obtained at autopsy, but was diagrammed by hand and based on extrapolation of cross sections of the dog heart published by Scher and Young (2) . Division of the ventricles into blocks was such that the whole mass of the model consisted of 6 rows times 6 columns times 6 layers. In a model with such large units, elaborate presentation of the excitation front is difficult. In their scheme the prescribed time for excitation to travel from a block to its neighboring blocks was uniform, irrespective of the block location. This would result in distortion of the radial, uniform spread of excitation.
We believe that the disadvantages observed in the previous reports have been largely overcome in the scheme reported here. The heart model of our scheme was threedimensional, consisting of a vast number of blocks of small size, and included the specialized conduction system. Perhaps the most significant feature of this program is avoiding propagation in the ventricles according to a predetermined order, rather than letting excitation proceed without any artificial or predetermined design except for some constraints related to structure of the ventricles and basic physiologic rules. For these reasons it is believed that our scheme will produce a more reliable and more detailed picture of propagated excitation in the ventricles, closer to the real physiologic phenomena.
Several problems, however, remain unsolved in our procedure. First, the size of the block forming the model is one of the most crucial points. To represent the excitation front with sufficient accuracy, the size of the block must be small enough so that the free walls of the ventricles or the septum contain at least 5 or 6 layers of the blocks in their thickness. In the model of this series, the size of the unit block was a 3-mm cube. The free wall of the left ventricle and the septum consisted of at least three and as many as six layers of blocks. The free wall of the right ventricle, however, had a maximum of three layers and a minimum of one layer. In our view, the excitation front in that portion therefore could not be sufficiently detailed.
A heart model of smaller blocks is naturally preferable but the capacity of computer memory is the limiting factor in achieving it. Twenty-seven thousand memory addresses were needed to store the 3-mm blocks in the scheme reported here. If the size of the block was decreased to 2-mm cubed, 91,125 addresses would be needed, which exceeds the capacity of computers available to our group. This difficulty may be overcome by amplifying the memory capacity by dividing an address of memory into several sections or by decreasing requirements for memory capacity by dividing the program into several subprograms executed in succession.
Secondly, the course of the specialized con-Orculalion Research. Vol. XXIII, August 1968 duction system in this model deserves particular attention. As described, the model was based on the distribution of the specialized conduction system in the dog heart observed macroscopically. The course of the system is the crucial factor in the propagation process, and errors in the model of the conduction system will result in significant alteration of the simulated propagation process. The differences in the course of the conducting system in the dog and human heart may be significant. Blocks 3-mm cubed in size were perhaps inadequate for representation of fine distribution of the specialized conduction system including the Purkinje network in the subendocardial layer.
Third, differences in conduction velocity of excitation which depend on the direction of myocardial fibers should be considered in the model, as has been indicated indirectly by Sano and co-workers (9) . Such directional differences in conduction velocity were ignored in this program but may be taken into consideration in subsequent studies.
SIMULATED PROPAGATION PROCESS OF EXCITATION IN THE VENTRICLES
The simulated normal propagation process shown in Figure 6 is similar to that found in animal experiments of Scher and Young (2) and Sodi-Pallares and Calder (1) . This indicates that both the model of the ventricles used here and the simulation program closely resemble the structure and the physiologic events of conduction in the real heart.
It would probably be safe to make assumptions about various aspects of the spread of excitation in the ventricles on the basis of the simulated propagation process obtained. As stated above, the most striking fact is that the specialized conduction system, particularly distribution of the Purkinje network, is crucial in determining the propagation process in the ventricles. The greater part of the subendocardial layer which was invaded by excitation in the earliest stage was the region where the Purkinje network is densely distributed. By virtue of the Purkinje network, the apex, most parts of the septum, and the subendocardial layer of the free wall of both the ventricles were reached by excitation as early as the second stage, though some regions were located rather far from the middle part of the septum where excitation originated.
In the simulated ventricular extrasystole (Fig. 7) , the simulation was programmed so that excitation was allowed to invade the specialized conduction system immediately after it was evoked. Because of this, it spread through the subendocardial layer of the left ventricular wall in a very short time as observed in Figure 7 .
On the other hand, conduction of excitation to the epicardium consumed a considerable time because of the programmed lower conduction velocity of ordinary cardiac muscle. The transseptal conduction of excitation was programmed through ordinary cardiac muscle instead of the specialized conduction system. As a result, it took as many as four stages for excitation to traverse the septum. However, as soon as excitation reached the free wall of the right ventricle, it entered the Purkinje network again and then spread rapidly over the subendocardial layer where the network was densely distributed. The considerable time consumed by excitation to travel transmurally from the subendocardial layer to the epicardium in the free wall of the right ventricle is attributed to slow conduction through ordinary cardiac muscle.
The above propagation process is one interpretation for the mode of spread of excitation of a ventricular extrasystole, and in Figure 7 one visualizes the sequence of excitation which is not incompatible with the previous reports (10, 11) . The same kind of simulation can be made with other abnormalities of conduction such as those in myocardial infarction, ventricular hypertrophy, and bundle branch block. Although it is not certain that the simulated propagation process will be valid for abnormal conditions, in view of the good agreement between the simulated, normal propagation process and that observed in animal experiments, there is justification for attempting the abnormal models.
As stated previously, observations of the sequence of excitation from animal experiments is not always easy in ventricles with abnormal conditions. This is partly due to difficulty in producing these conditions experimentally in the animal heart and partly to vulnerability of the heart to fatal ventricular fibrillation during observation of the propagation process, even if an experimental abnormality was successfully established. In fact, there have hardly been any studies showing the whole sequence of excitation in abnormal ventricles in the detail available for normal propagation. By this simulation program, propagation of excitation in the ventricles with certain abnormalities may be simulated with ease, and a detailed diagram of the sequence of excitation may be obtained directly from computer output.
To make the simulated propagation process more similar to the real process, in both normal and abnormal ventricles, the simulation and animal experiments should be carried out in parallel. Points incompatible with the real propagation process will be found, and the simulation program can then be modified.
As has been briefly mentioned earlier, QRS patterns may be reconstructed by summing up, with a computer, the scalar products of the electromotive heart vectors on each unit area of the excitation front and the transfer impedance (lead vectors) of any desired leads with respect to those areas. A trial study for this method has been done by us and will be published soon.
By combining the simulation program reported here with this reconstruction method, a QRS pattern will be given by the digital computer, provided that both a model of the heart, normal or abnormal, and a set of transfer impedance data are entered. It is anticipated that this combined scheme will provide more quantitative interpretation of normal and abnormal QRS patterns, in terms of both structure of the heart and location of lesion. If the reconstruction of QRS patterns is accomplished with various types of abnormalities in different portions of the ventricles, a full set of abnormal patterns of QRS complex CitcuUsion Rtstmrck, Vol. XXIII, Augui 1968 SIMULATION OF VENTRICULAR EXCITATION SPREAD 211 may be obtained. Each of various types of abnormal QRS patterns may then be matched by one of these abnormalities in the ventricles. In this way, this scheme may serve to advance the diagnostic usefulness of the electrocardiogram.
